LIGHT-EMITTING APPARATUS, PHOSPHOR, 
AND METHOD OF PRODUCING IT 



BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] The present invention relates to a light-emitting apparatus, and more particularly to 
a light-emitting apparatus that irradiates a phosphor with primary light emitted from a primary 
light source and that thereby produces secondary light having longer wavelengths than the 
primary light. 

Description of the Prior Art 

[0002] GaN-based semiconductors are direct-transition semiconductors with band gaps 
ranging from 0.9 eV or 1.8 eV to 6.2 eV, and thus they make it possible to realize light- 
emitting devices that emit light in a wide band ranging from visible to ultraviolet regions. 
For this reason, in recent years, GaN-based semiconductors have been receiving much 
attention and have been actively developed. The reason that the lower limit of the band gap 
is given as 0.9 eV or 1.8 eV above is that the band gap of InN has not yet been definitely 
determined between two theories that support 0.9 eV and 1.8 eV respectively. 

[0003] As is widely practiced, such a GaN-based light-emitting device is used as an 
excitation light source to produce white light by mixing together phosphorescence of different 
colors emitted from red, green, and blue phosphors irradiated with light emitted from the 
GaN-based light-emitting device. 

[0004] It has also been proposed to use a GaN-based light-emitting device in a full-color 
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image display apparatus (Japanese Patent Application Laid-Open No. H8-63119). In this 
full-color image display apparatus, either phosphors each emitting phosphorescence of one of 
three primary colors, namely red, green, and blue, are excited by a GaN-based light-emitting 
diode array arranged on a substrate, or phosphors each emitting red or green phosphorescence 
are excited by a GaN-based light-emitting diode array and blue light is emitted directly from 
GaN-based light-emitting diodes. 

[0005] On the other hand, next-generation light-emitting apparatuses are desired to offer 
high brightness combined with low power consumption. The brightness and power 
consumption of a light-emitting apparatus depend on the output power and quantum 
efficiency of its excitation light source and on the quantum efficiency of its phosphors. Thus, 
the phosphors are desired to have as high quantum efficiency as possible. Moreover, the 
resolution of a full-color display apparatus depends on the size of its pixels, and therefore, in a 
case where a phosphorescent surface is formed by applying a phosphorescent material on a 
surface, it is necessary to reduce the size of the crystal particles of the phosphorescent 
material to suit the size of the pixels. 

[0006] However, conventionally available phosphors have quantum efficiency of 10 % or 
lower, and therefore, to obtain higher brightness, it is necessary to increase the light output 
power of the excitation light source. Inconveniently, this increases power consumption and 
shortens the lifetime of the excitation light source. For this reason, it has to date been 
difficult to realize a light-emitting apparatus that uses a GaN-based light-emitting device as an 
excitation light source and that offers high brightness combined with low power consumption 
and a long lifetime. 
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[0007] Recently, it has been observed that reducing the size of a crystal down to the 
exciton Bohr radius (hereinafter, such a crystal will be referred to as a "nano-crystal") causes, 
owing to the quantum size effect, trapping of excitons and an increase in the band gap (J. 
Chem. Phys., Vol. 80, No. 9, p. 1984). It has been reported that some semiconductors of 
such size exhibit photoluminescence with high quantum efficiency (Phys. Rev. Lett., Vol. 72, 
No. 3, p. 416, 1994; MRSbulletin Vol. 23, No. 2, p. 18, 1998; and United States Patent No. 
5,455,489). 

[0008] Now, this effect will be described in the case of Mn-doped ZnS (ZnS:Mn), which 
is taken up as an example here for easy comparison because its light emission wavelength 
does not vary under the quantum size effect. Table 1 shows the results of comparison of the 
brightness of light emission obtained when ZnS:Mn nano-crystals having their surface treated 
with methacrylic acid and bulk ZnS:Mn particles having a particle size of 1 |am or greater 
were excited with the same ultraviolet lamp. Table 1 shows that the ZnS:Mn nano-crystals 
offer brightness close to five times the brightness offered by the bulk ZnS:Mn particles. 

[0009] 

TABLE 1 





Nano-crystals 


Bulk Particles 


Brightness 


69 cd/m 2 


14.2 cd/m 1 



[0010] How this high quantum efficiency physically relates to the quantum size effect has 
not yet been definitely explained, but the possible factors that are considered to be involved 
include an increase in the intensity of excitons which results from the formation of electron- 
hole pairs, a decrease in the state density that does not contribute to light emission which 
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results from the quantization of energy levels, a variation in the crystal field near the center of 
light emission which results from distortion of the crystal lattice, and surface treatment of the 
crystals. Which of these factors contributes effectively to light emission efficiency is not 
clear, but light emission efficiency has been reported to increase in crystals having sizes 
smaller than the exciton Bohr radius, which will be described below. 

[0011] Here, the exciton Bohr radius indicates the extent of the probability of existence of 
excitons, and is given by 4n So h 2 / me 2 (where "eo" represents the low-frequency dielectric 
constant of the material, "h" represents the Planck constant, "m" represents the reduced mass 
obtained from the effective masses of an electron and a hole, and "e" represents the electric 
charge of an electron). For example, the exciton Bohr radius of ZnS is about 2 nm, and that 
of GaN is about 3 nm. 

[0012] A most typical example of the quantum size effect is an increase in the band gap. 
Fig. 1 shows the dependence of the band gap on the crystal size as calculated on the basis of 
the theory by L. E. Brus et al. The intrinsic band gap of ZnS is about 3 .5 eV, and therefore 
the quantum size effect is expected to increase in the range where the diameter is smaller than 
about 8 nm. This diameter is that of a crystal having a radius equal to twice the exciton Bohr 
radius. 

[0013] Accordingly, by using a phosphor formed of crystals having a size equal to or 
smaller than twice the exciton Bohr radius, it is possible to exploit the contribution of the 
quantum size effect to light emission. That is, by varying the size of nano-crystals, it is 
possible to obtain different phosphorescence wavelengths. As nano-crystal materials having 
high quantum efficiency other than ZnS, there are actively being studied II- VI group materials 



such as CdSe. 



[0014] Moreover, as shown in Fig. 2, a CdSe nano-crystal capped with ZnS has a 
quantum well structure, in which electron-hole pairs are strongly trapped inside the nano- 
crystal and thus undergo recombination. This material offers light emission efficiency 
higher by an order or more of magnitude than that of an uncapped CdSe nano-crystal, and 
offers quantum efficiency of about 50 %. 

[0015] A display apparatus and an illumination apparatus using a II- VI group nano-crystal 
material has been proposed (Japanese Patent Application Laid-Open No. HI 1-340516). 

[0016] However, II-VT group materials have the following disadvantages. The result 
shown in Table 1 is that obtained when the nano-crystals were subjected to surface treatment 
using methacrylic acid. However, in crystals that are not subjected to surface treatment, 
excited electrons are captured by the dangling bond of ions existing on the surface and 
undergo non-radiation recombination. This greatly reduces light emission intensity. For 
example, as shown in Table 2, in ZnS:Mn nano-crystals of which the surface is not treated 
with methacrylic acid, the dangling bond on the surface of the crystals is not effectively 
terminated, with the result that the light emission intensity of these nano-crystals is far lower 
than that of the sample of which the surface is treated. Thus, II- VI group nano-crystals 
require a special process to stabilize its surface. 
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[0017] 

TABLE 2 



Surface Treatment 


Methacrylic Acid 


No 


Brightness 


69 cd/m 2 


9.4 cd/m 2 



[0018] Moreover, II- VI group materials contain toxic substances such as Cd and Se, and 
therefore using II-VI group materials in light-emitting apparatuses and image display 
apparatuses is a matter of great concern from the environmental perspective. 

SUMMARY OF THE INVENTION 
[0019] An object of the present invention is to provide a light-emitting apparatus that uses 
a stable, environmentally friendly material and that offers high brightness combined with low 
power consumption and a long lifetime. 

[0020] To achieve the above object, the inventors of the present invention studied the use 
of nano-crystals of a III-V group nitride compound semiconductor, which is stable as a 
material and which has minimum adverse effects on the environment. 

[0021] A description will be given of a case where InN nano-crystals are used as a 
phosphor. The intrinsic band gap of InN at room temperature is 0.9 eV or 1.8 eV. 
However, when the size of the crystals is reduced to about 14 nm along each side, the band 
gap increases under the quantum size effect. The dielectric constant of InN is unknown, and 
therefore the Bohr radius of InN is unknown. On the other hand, GaN is known to have a 
Bohr radius of 3 nm, and therefore InN is considered to have a Bohr radius not greatly 
different therefrom. Thus, the quantum effect is considered to appear at a particle size about 
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twice that Bohr radius 



[0022] The surface of this phosphor is stable, and offers high quantum efficiency without 
special surface treatment. Moreover, the elements that the phosphor contains are mostly III 
group elements and nitrogen; that is, it contains no toxic elements, an advantage from the 
environmental perspective. 

[0023] Moreover, the half width of the phosphorescence of InN nano-crystals is about 20 
nm, which is extremely narrow as compared with that of a common bulk phosphor, for 
example 60 nm of ZnS:Ag. This helps realize light-emitting apparatuses and image display 
apparatuses with high color quality. 

[0024] Moreover, by reducing the crystal size of InN, it is possible to realize not only red 
but also green and blue phosphors with InN nano-crystals. Thus, it is possible to obtain 
phosphorescence covering from red to blue with a single material, and thus to realize a full- 
color display or the like with a single phosphorescent material. 

[0025] Furthermore, by laying a red phosphor, a green phosphor, and a blue phosphor, 
each formed of nano-crystals as described above, over one another in this order from the side 
closer to an excitation light source, it is possible to obtain white phosphorescence. By 
exciting the so produced white phosphor with the light emitted from a GaN-based light- 
emitting device, it is possible to realize an illumination apparatus that emits white light. 

[0026] As described above, extremely high quantum efficiency is obtained with some 
phosphors that are formed of fine crystals, i.e., nano-crystals, of a III group nitride compound 
semiconductor which are so fine as to exhibit the quantum size effect. By exciting such a 
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phosphor with a light-emitting device that emits light of wavelengths in the range from 380 
nm to 500 nm, it is possible to realize efficient display apparatuses and illumination 
apparatuses. 

[0027] The reason that the excitation wavelength is limited within the range from 380 nm 
to 500 nm is that, with a III group nitride compound semiconductor, it is difficult to produce a 
high-efficiency laser or light-emitting diode (LED) that emits light of wavelengths of 380 nm 
or shorter, and that it is impossible to obtain blue phosphorescence with excitation light of 
wavelengths of 500 nm or longer. 

[0028] The studies described above have led to the present invention, according to which 
a light-emitting apparatus provided with a light source that emits primary light and a phosphor 
that absorbs at least part of the primary light emitted from the light source and emits 
secondary light having a longer peak wavelength than the primary light is characterized in 
that the phosphor is formed of fine-particle crystals of a III-V group compound 
semiconductor, and that the fine-particle crystals each either have a volume of 2 800 nm 3 or 
less or measure 14 nm or less in two directions perpendicular to the longest side thereof 

[0029] Preferably, the fine-particle crystals of the III-V group compound semiconductor 
(i.e., the nano-crystal phosphor) are given a multilayer structure as shown in Fig. 2 where a 
portion having a small energy band gap is surrounded with a portion having a great energy 
band gap. 

[0030] Typically, the light source that emits the primary light is realized with one or more 
nitride-based III-V group compound semiconductor light-emitting devices, and these may be 
arranged in a one- or two-dimensional array. 
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[0031] Typically, these light-emitting devices are formed by growing a nitride-based III- 
V group compound semiconductor on a substrate such as a nitride-based III-V group 
semiconductor substrate, sapphire substrate, SiC substrate, or ZnO substrate. 

[0032] Preferably, the phosphor is formed of a III-V group compound semiconductor 
containing at least one in group element selected from the group consisting of Ga, Al, In, and 
B and at least one V group element including always N and in addition As or P as the case 
may be. It is particularly preferable that 50 % or more of the III group elements be In and 
that 95 % or more of the V group elements be nitrogen. 

[0033] On the other hand, the primary light source uses a nitride-based III-V group 
compound semiconductor containing at least one III group element selected from the group 
consisting of Ga, Al, In, and B and at least one V group element including always N and in 
addition As or P as the case may be. Practical examples of such a nitride-based III-V group 
compound semiconductor include GaN, AlGaN, A1N, GalnN, AlGalnN, InN, GaNP, InNAs, 
InNP, and InGaNP. 

[0034] In a light-emitting apparatus structured as described above according to the present 
invention, a phosphor is formed of crystals having a particle diameter equal to or smaller than 
twice the exciton Bohr radius. Thus, by exciting this phosphor with light emitted from a 
light-emitting device using a nitride-based III-V group compound semiconductor, it is 
possible to enhance the quantum efficiency of the phosphor. Moreover, the small size of the 
crystals forming the phosphor makes it possible to obtain high resolution. 



[0035] 



BRIEF DESCRIPTION OF THE DRAWINGS 

This and other objects and features of the present invention will become clear from 
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the following description, taken in conjunction with the preferred embodiments with reference 
to the accompanying drawings in which: 

Fig. 1 is a graph showing the dependence of the band gap energy of ZnS on the crystal 

size; 

Fig. 2 is a sectional view showing a quantum dot of CdSe combined with an energy 
band diagram thereof; 

Figs. 3 A and 3B are diagrams schematically showing an example of the structure of a 
light-emitting apparatus embodying the invention; 

Fig. 4 is a diagram schematically showing another example of the structure of a light- 
emitting apparatus embodying the invention; 

Fig. 5 is a diagram schematically showing another example of the structure of a light- 
emitting apparatus embodying the invention; 

Fig. 6 is a diagram schematically showing another example of the structure of a light- 
emitting apparatus embodying the invention; 

Fig. 7 is a diagram schematically showing another example of the structure of a light- 
emitting apparatus embodying the invention; 

Fig. 8 is a sectional view schematically showing an example of the structure of the 
laser used as the primary light source in a light-emitting apparatus embodying the invention; 

Fig. 9 is a diagram showing the correlation between the oscillation wavelength of the 
laser used as the primary light source in a light-emitting apparatus embodying the invention 
and the lifetime of the light-emitting apparatus; 

Fig. 10 is a sectional view schematically showing an example of the structure of the 
LED used as the primary light source in a light-emitting apparatus embodying the invention; 
and 

-10- 



Fig. 1 1 is a sectional view schematically showing an example of a phosphor having a 
multilayer structure for use in a light-emitting apparatus embodying the invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0036] Hereinafter, light-emitting apparatuses embodying the present invention will be 
described with reference to the drawings. In the embodiments described hereinafter, used as 
a primary light source is a III-V group nitride semiconductor laser (hereinafter also referred to 
simply as a "laser") or a light-emitting diode (LED). In one light-emitting apparatus 
embodying the invention, as shown in Figs. 3A and 3B, a laser 30 is used as a primary light 
source in combination with a phosphor 31. It is also possible to form a phosphorescent 
portion by dispersing fine-particle crystals of a III-V group compound semiconductor in resin. 
In that case, between the laser 30 and the phosphor 31, there is inserted a wavelength filter 32 
that absorbs or reflects light of wavelengths shorter than 395 nm. 

[0037] Moreover, in front of the phosphor 3 1 (on the exit side thereof), there is disposed a 
wavelength filter 33 that absorbs or reflects only the excitation laser light (the primary light 
emitted from the laser 30). The laser 30 emits laser light of wavelengths in the range from 
380 nm to 500 nm. In a case where the phosphorescent portion is composed of fine-particle 
crystals and resin, it is preferable that the laser have wavelengths in the range from 395 nm to 
500 nm. The phosphor 3 1, when excited with the laser light emitted from the laser 30, emits 
phosphorescence in the visible light region. 

[0038] As shown in Figs. 3 A and 3B, the laser 30 and the phosphor 31 may be arranged in 
close contact with each other, or may be arranged apart from each other. The phosphor 31 is 
arranged so as to face the laser 30 so that the former can receive the laser light emitted from 



the latter. As shown in Fig. 3 A, the laser light may be shone on glass or resin, such as 
acrylic resin, in which fine-particle crystals of a III-V group compound semiconductor are 
dispersed, or may be shone on a surface to which a phosphor is applied or on which a coating 
thereof is formed. The phosphor may even be given a shape like a sphere or optical fiber so 
as to achieve good optical coupling with the laser light. As shown in Fig. 4, an optical 
system such as a lens 44 may be disposed between a primary light source 40 and a phosphor 
41. 

[0039] As shown in Fig. 5, a primary light source may be coupled with the core of an 
optical fiber 51 in which fine-particle crystals of a III-V group compound semiconductor are 
dispersed. As shown in Fig. 6, the phosphorescence from a phosphor 61 may be condensed 
with a concave surface mirror 65. As shown in Fig. 7, a light-emitting apparatus may be so 
structured that a laser used as a primary light source 70 is coupled with a light guide plate 72 
and a scattering plate 73 so that primary light is extracted perpendicularly to the light guide 
plate 72, and that a phosphor 71 is disposed at where the extracted primary light is directed so 
that secondary light is obtained as surface-emission phosphorescence. 

[0040] The laser may be of any type so long as it emits laser light of wavelengths in the 
range from 380 to 500 nm. In a case where the phosphorescent portion is composed of fine- 
particle crystals and resin, it is preferable that the laser have wavelengths in the range from 
395 to 500 nm, because irradiating the resin with light of wavelengths shorter than 395 nm 
causes deterioration of the resin. For this reason, it is preferable to dispose, between the 
laser and the phosphor, a wavelength filter or the like that absorbs or reflects spontaneous 
emission light of wavelengths shorter than 395 nm included in the light emitted from the laser. 
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[0041] Examples of the laser include a surface-emission-type device, a stripe-shaped 
device, and a laser array having devices of either type arranged in an array. 

[0042] Part of the laser light may be transmitted through the phosphor so as to be used 
along with the phosphorescence. However, in a case where a light-emitting apparatus 
embodying the invention is used for illumination purposes, letting laser light out to the 
outside world is undesirable because of its adverse effects on the human body. Thus, in such 
a case, it is preferable to make the phosphor absorb all the laser light, or to use a wavelength 
filter or the like to keep the laser light from getting out to the outside world. 

[0043] Preferable examples of the phosphor include one sintered, one applied to a plate- 
shaped member of a transparent material such as quartz, one dispersed in a glass-like 
substance such as glass or acrylic resin and then hardened, cut, and formed into a spherical, 
cylindrical, or fiber-like shape. 

[0044] In a case where, as shown in Fig. 3 A, a laser 30 and a phosphor 31 are arranged 
apart from each other, the phosphor is a single member or component. In this case, the 
phosphor 31 is, for example, a transparent member to which a phosphorescent substance is 
applied or on which a coating thereof is formed, or a glass member having a phosphorescent 
substance dispersed therein, and this phosphor 3 1 is used in combination with a laser device. 

[0045] Fig. 8 shows an example of the laser 30 used in the light-emitting apparatus shown 
in Fig. 3 A. The GaN-based semiconductor laser 30 shown in this figure has a ridge structure, 
and has a cavity formed with an active layer 84 cleaved at both ends so as to resonate and 
emit laser light parallel to the active layer 84. Thus, the laser light oscillates in the direction 
perpendicular to the plane of the figure, and then exits from the laser 30 to strike the phosphor 
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3 1, causing it to emit phosphorescence to the outside world. 

[0046] The laser 30 shown in Fig. 8 has, on top of a crystal substrate (for example, a GaN 
crystal substrate) 80, an n-GaN contact layer 81, an n-AlGaN clad layer 82, an n-GaN guide 
layer 83, an InGaN active layer 84, a p-AJGaN evaporation prevention layer 85, a p-GaN 
guide layer 86, a p-AlGaN clad layer 87, and a p-GaN contact layer 88 laid on one another. 
On the top and bottom of these layers are formed a p-type electrode 89 and an n-type 
electrode 800, respectively, and a S1O2 layer 801 insulates the p-type electrode 89 from the p- 
AlGaN clad layer 87 except in the ridge portion. As the primary light source, it is also 
possible to use a surface-emission laser or an LED. 

[0047] As the crystal substrate of the device used as the primary light source, it is possible 
to use any conventionally known substrate other than GaN so long as it permits growth of a 
GaN-based crystal thereon. Examples of such a crystal substrate include sapphire, SiC, Si, 
and quartz. 

[0048] Light emission may be achieved with any structure so long as it is suitable for a 
laser to emit light and oscillate and for an LED to emit light. Examples of suitable structures 
include a double hetero-junction structure, a structure including a SQW (single quantum well), 
one including a MQW (multiple quantum well), and one including a quantum dot. With an 
LED, examples of suitable structures further include a simple pn-junction formed between 
two layers as a homo- or hetero-junction. 

[0049] Hereinafter, practical examples of the present invention will be presented. 
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Example 1 

[0050] A light-emitting apparatus structured as shown in Fig. 3 A was fabricated. 
Primary Light Source 

[0051] In this example, a stripe laser structured as shown in Fig. 8, i.e., one having a ridge 
structure, was fabricated as the primary light source. In the following description, the values 
given in cm " 3 are carrier densities. 

Laser 

[0052] As shown in Fig. 8, on top of a GaN substrate 80, an n-GaN contact layer 81 (3 
(am thick, 1 x 10 18 cm" 3 ), an n-Alo.1Gao.9N clad layer 82 (1 \xm thick, 1 x 10 18 cm" 3 ), an n- 
GaN guide layer 83 (0.1 pirn thick, 1 x 10 18 cm" 3 ), an Ino.15Gao.g5N/Ino.05Gao.95N 3MQW active 
layer 84, a p-Alo.15Gao.g5N evaporation prevention layer 85 (0.02 (am thick, 1x10 cm ), a 
p-GaN guide layer 86 (0.1 |nm thick, 1 x 10 18 cm" 3 ), a p-Alo.1Gao.9N clad layer ,87 (0.6 \xm 
thick, 1 x 10 18 cm" 3 ), and a p-GaN contact layer 88 (0.1 [im thick, 1 x 10 18 cm" 3 ) were laid on 
one another. 

[0053] Next, by RIE, this multilayer structure was partially etched from the top surface 
thereof so that the p-AlGaN clad layer 87 was exposed except for a portion thereof. Then, 
on top, a Si0 2 (0.3 urn) layer 801 was laid, and, further on top, a p-type electrode 89 
(Pd/Mo/Au) was formed. Moreover, on the bottom surface of the multilayer structure, an n- 
type electrode 800 (Ti/Al) was formed. The oscillation wavelength of the apparatus was 405 
nm. 
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Phosphor 

[0054] InN nano-crystals having volumes of 8 nm 3 to 1 000 nm 3 (2 nm to 10 nm along 
each side) were synthesized through chemical synthesis, and then, by a sol-gel process, 
acrylic resin having the InN nano-crystals dispersed therein was formed into a film (3 |am 
thick). The reason that the volume varied from 8 nm 3 to 1 000 nm 3 (2 nm to 10 nm along 
each side) was that the volume that produced the same phosphorescence wavelength varied 
according to the conditions of synthesis. 

Evaluation 

[0055] When the laser of the above light-emitting apparatus was energized to cause laser 
oscillation, phosphorescence of a wavelength 635 nm was obtained with energy conversion 
efficiency of 80 [lm/W]. Assuming that the length of time over which the energy conversion 
efficiency fell half its initial value was the lifetime, the lifetime was about 10 000 hours. 

[0056] For comparison, the above light-emitting apparatus was operated with the 
wavelength filter 32 shown in Fig. 3A removed. In this case, the lifetime, over which the 
energy conversion efficiency fell half its initial value, was 1 000 hours. 

Example 2 

[0057] A light-emitting apparatus structured as shown in Fig. 3B was fabricated. 
Primary Light Source 

[0058] As the primary light source, the same laser as used in Example 1 was used. 
Phosphor 

[0059] InN nano-crystals having volumes of 3.375 nm 3 to 64 nm 3 (1.5 nm to 4 nm along 
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each side) were grown by laser ablation, and then, on top of the InN, GaN was grown by laser 
ablation in a similar manner to produce InN/GaN nano-crystals having a quantum well 
structure as shown in Fig. 2. Then, acrylic resin having these nano-crystals dispersed therein 
was formed into a cylindrical shape. The reason that the volume varied from 3.375 nm 3 to 
64 nm 3 (1.5 nm to 4 nm along each side) was that the volume that produced the same 
phosphorescence wavelength varied according to the conditions of growth. 

Evaluation 

[0060] When the laser of the above light-emitting apparatus was energized to cause laser 
oscillation, phosphorescence of a wavelength 520 nm was obtained with energy conversion 
efficiency of 120 [lm/W]. 

[0061] For comparison, a laser that oscillated at a different wavelength was produced and 
used as the excitation light source, and the correlation between the wavelength of the 
excitation light source and the lifetime, over which the energy conversion efficiency fell to 
half its initial value, was evaluated. Used as the wavelength filter 32 was one that absorbed 
or reflected spontaneous emission light of wavelengths shorter than the oscillation wavelength. 
Fig. 9 shows the relationship between the wavelength and the life time, over which the energy 
conversion efficiency fell to half its initial value. With glass resin, the lifetime decreased as 
the wavelength shortened below 380 nm; with acrylic resin, the lifetime decreased as the 
wavelength shortened below 395 nm. This decrease in the lifetime was due to, with glass 
resin, the deterioration of the laser used as the excitation light source and, with acrylic resin, 
the deterioration of the acrylic resin. 
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Example 3 

[0062] A light-emitting apparatus structured as shown in Fig. 4 was fabricated. 
Primary Light Source 

[0063] In this example, an LED structured as shown in Fig 10 was fabricated. In the 
following description, the values given in cm ~ 3 are carrier densities. 

Laser 

[0064] As shown in Fig. 10, on top of a sapphire substrate 90, a buffer layer (not shown) 
was grown, and then an n-GaN contact layer 91 (3 yim thick, 1 x 10 18 cm" 3 ), an 
Ino.12Gao.g7N/GaN 5MQW active layer 92, a p-Alo.15Gao.85N evaporation prevention layer 93 
(0.02 (im thick, 1 x 10 18 cm" 3 ), a p-GaN contact layer 94 (0.2 |im thick, 1 x 10 18 cm" 3 ) were 
laid on one another. Next, by REE, this multilayer structure was partially etched from the top 
surface thereof so that the n-GaN contact layer 91 was exposed except for a portion thereof 
Then, on top, an n-type electrode 95 (Ti/Al) was formed. Moreover, on top of the p-GaN 
contact layer 94, a p-type transparent electrode 96 (Pd; 0.008 nm) was formed, and on top of a 
portion thereof, a p-type electrode 97 (Pd/Mo/Au) was formed. 

Phosphor 

[0065] Three types of InN nano-crystals were produced by laser ablation, namely those 
having volumes of 8 nm 3 to 27 nm 3 (2 nm to 3 nm along each side), those having volumes of 
10.7 nm 3 to 64 nm 3 (2.2 nm to 4 nm along each side), and those having volumes of 17.6 nm 3 
to 512 nm 3 (2.6 nm to 8 nm along each side). Then, as shown in Fig. 1 1, these three types of 
nano-crystals were dispersed in acrylic resin in three layers in such a way that the size of the 
InN nano-crystals decreases from the entrance side to the exit side of the primary light. The 
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thicknesses of these three layers were, with consideration given to how each layer absorbed 
the primary light, so adjusted that the phosphorescence emitted from the individual layers and 
mixed together was white. 

Evaluation 

[0066] When the LED of the above light-emitting apparatus was energized to emit light, 
white light was obtained with energy conversion efficiency of 60 [lm/W]. 

Example 4 

[0067 J A light-emitting apparatus structured as shown in Fig. 5 was fabricated. 
Primary Light Source 

[0068] As the primary light source, a stripe laser of an embedded type was used. 
Phosphor 

[0069] Ino.95Gao.05N nano-crystals having volumes of 125 nm 3 to 343 nm 3 (5 nm to 7 nm 
along each side) were synthesized through chemical synthesis, and on the InGaN, A1N was 
synthesized through chemical synthesis in a similar manner to produce Ino.95Gao.05N/AlN 
nano-crystals having a quantum well structure as shown in Fig. 2. Then, an optical fiber was 
produced of which the core had these nano-crystals dispersed therein. 

Evaluation 

[0070] When the laser of the above light-emitting apparatus was energized to cause laser 
oscillation, phosphorescence of a wavelength 600 nm was obtained with energy conversion 
efficiency of 120 [lm/W]. 
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Example 5 

[0071] A light-emitting apparatus structured as shown in Fig. 6 was fabricated. 
Primary Light Source 

[0072] As the primary light source, a surface-emission laser was used. 
Phosphor 

[0073] Ino.9gGao.02No.99Po.01 nano-crystals having volumes of 343 nm 3 to 512 nm 3 (7 nm to 
8 nm along each side) were synthesized through chemical synthesis, and then, by a sol-gel 
process, glass having the InGaNP nano-crystals dispersed therein was formed into a film (1 
mm thick). 

Evaluation 

[0074] When the laser of the above light-emitting apparatus was energized to cause laser 
oscillation, phosphorescence of a wavelength 560 nm was obtained with energy conversion 
efficiency of 100 [lm/W]. 

Example 6 

[0075] A light-emitting apparatus structured as shown in Fig. 7 was fabricated. 
Primary Light Source 

[0076] As the primary light source, the same laser as used in Example 1 was used. 
Phosphor 

[0077] InN nano-crystals having volumes of 343 nm 3 to 1 000 nm 3 (7 nm to 10 nm along 
each side) were synthesized through chemical synthesis, and then, by a sol-gel process, a 
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glass film (10 urn thick) having the InN nano-crystals dispersed therein was formed on a light 
guide plate. 

Evaluation 

[0078] When the laser of the above light-emitting apparatus was energized to cause laser 
oscillation, phosphorescence of a wavelength 550 nm was obtained with energy conversion 
efficiency of 100 [lm/W]. 

[0079] Obviously, many modifications and variations of the present invention are possible in 
light of the above teachings. It is therefore to be understood that within the scope of the 
appended claims, the invention may be practiced other than as specifically described. 
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